ABSTRACT The anatomical source of the trail pheromone in the black carpenter ant, Camponotus pennsylvanicus (De Geer), was investigated by presenting workers with hindgut extracts, testing for attractancy and trail-following behavior. Chemical analyses were used in conjunction with behavioral bioassays to detect and identify volatiles from the rectum, poison gland, and DufourÕs gland. Rectal material was also examined to determine total nitrogen levels and identify nitrogenous metabolites. Under laboratory conditions, foragers demonstrated a signiÞcant level of attraction to a combined DufourÕs gland, poison gland, and rectal extract, although no trail following was observed. Two volatiles, n-undecane and n-tridecane, were identiÞed from DufourÕs gland. Fatty acids and esters were detected in DufourÕs and poison gland extracts. Palmitic acid was identiÞed in the poison gland. A compound described as a component of the trail pheromone in Camponotus atriceps Smith (3,4-dihydro-3,5-dihydroxy-6-methyl-pyran-4-one) was identiÞed in the rectum, but was not veriÞed behaviorally as being part of the trail pheromone for C. pennsylvanicus. Dry weight analysis showed that the rectal material was only 14% solid material and total nitrogen levels were estimated at 19.2 Ϯ 2 g/mg. Most of the components contributing to the total nitrogen excreted were unidentiÞed, but ammonia (2.7 Ϯ 1.2 g/mg), two tryptophan intermediates (kynurenic and xanthurenic acid) and one pteridine (biopterin), were identiÞed.
ANTS HAVE BEEN described as walking batteries of exocrine glands, and the chemicals (pheromones) released from these glands regulate a range of behaviors from mating to kin recognition as well as alarm behavior (Wilson 1971) . One of the most intricate types of chemical communication resulting from exocrine secretions is the odor trail strategy. Successful foraging is dependent, in part, on odor trails to excite and orient nestmates to a food source. Such behavior is termed "recruitment" and is believed by some to have evolved from ritualized defecation (Traniello 1977) . The identity and source of the pheromones deposited as an odor trail is still largely unknown for most ant species. Chemical and behavioral studies involving recruitment pheromones have been complicated by the fact that the signal is comprised of a mixture of compounds, which may be synergistic in nature (Blum 1974) .
The black carpenter ant, Camponotus pennsylvanicus (De Geer) , is an important structural pest and is widely distributed in the eastern United States (Hedges 1998). C. pennsylvanicus has been shown to use both group recruitment and mass communication in its foraging behavior (Traniello 1977) . Recruitment trails differ from exploratory trails in that workers only lay them when returning from a food source or a new potential nest site (Wilson 1971) . Understanding of the production and use of these trails can be important to developing sustainable pest management programs.
Ants have been known to use chemical trails since the 1900s, but greater understanding of the behavior came when E. O. Wilson found that Þre ants (Solenopsis, Westwood) display certain behaviors when exposed to abdominal organs (Hartwick et al. 1977) . In early studies on the biology of C. pennsylvanicus colonies, Pricer (1908) observed that chemical trails could be laid outside the nest, but he was uncertain of the connection with orientation and suggested that ants used memory to guide them. Later studies showed that workers exhibit trail-laying behavior by contacting the gaster, or tip of the abdomen, to the surface of substrate along which they are traveling (Hartwick et al. 1977 , Traniello 1977 . This behavior was the Þrst clue researchers had in determining the anatomical source of the trail pheromone. One organ, the rectum, and two accessory glands, the poison and DufourÕs glands, have since been the focus of behavioral and chemical studies.
Attempts to identify trail pheromones have generally used two types of approaches: (1) dissection of exocrine glands and creation of artiÞcial trails from which behavioral observations can be drawn, and (2) GC-MS analysis for identiÞcation of compounds. For example, artiÞcial trees were used to investigate the response of C. pennsylvanicus workers to pencil line trails from DufourÕs, poison, and rectal extracts. Eighty-Þve percent of workers tested followed extracts from the rectal trail, suggesting that the rectum serves as the source of the trail pheromone (Hartwick et al. 1977) . Traniello (1977) also conducted trail bioassays and observed that adding formic acid (poison gland secretion) to a rectal trail increased the attractiveness. Compounds from DufourÕs gland have been observed to have attractive properties as well. Mass spectrometry analysis revealed a mixture of n-decane, n-undecane, and n-pentadecane. In behavioral assays, a combination of the major compound, u-undecane, and formic acid (poison gland), acted as an attractant that lasted up to 32 min (Ayre and Blum 1971) . Attraction is not the same as trail following, and none of the studies described above have been duplicated for C. pennsylvanicus.
Results of such behavioral bioassays have been difÞcult to interpret for a number of reasons. For example, attraction and recruitment have largely been examined separately, and, as a result, the two concepts are not clearly deÞned in the literature. In addition, the hindgut and rectum have been cited interchangeably as being the source of the trail pheromone, but speciÞc procedures used in obtaining hindgut samples are not consistent (Blum 1974 , Attygalle and Morgan 1984 , Bestmann et al. 1995 . The "hindgut" could refer to the rectum plus the accessory glands, or the rectum alone. We use the term to refer to the rectum plus the accessory glands. Variability in bioassay design makes critical comparison of the results from previous studies difÞcult. Choice of substrate and artiÞcial trail applicator could affect the response of workers. The choice of solvent in which the glands are extracted may also affect what compounds are included in the artiÞcial trail (Baker and Carde 1984) . The precise chemistry of the trail pheromone for C. pennsylvanicus has not been described. Bestmann et al. (1997) identiÞed two ␦-lactones in the rectum of C. pennsylvanicus, but no behavioral tests were conducted to conÞrm whether either compound actually functioned as a trail pheromone.
The literature reveals the paucity of information on the chemistry or function of material in the rectum. Volatile compounds have received some attention, but analysis of solid material in the rectum has never been described in carpenter ants. Thirteen amino acids have been found in an accessory gland (poison gland) of C. pennsylvanicus that serve as dispersing agents for formic acid (Hermann and Blum 1968) . Formic acid elicits alarm behavior, but at low levels, had been observed to increase recruitment efÞcacy of a trail (Blum 1974) . A similar mechanism maintaining trail integrity may exist for solid material in the rectum.
The objectives of this study were to collect and analyze rectal material before deposition with the goal of identifying both volatile and nitrogenous compounds. Behavioral studies were incorporated to compare reactions to hindgut extracts in regard to attraction or trail following behavior.
Materials and Methods
Carpenter Ant Colony Maintenance. Eight to 10 colonies of C. pennsylvanicus (Ϸ200 Ð1000 workers each) were collected from oak (Quercus spp.), pine (Pinus spp.), and locust (Robinia spp.) in southwestern Virginia during the summers of 1997 and 1998.
Once the nests were located, dead portions of trees containing nests were cut, placed into plastic garbage bags, and transported to the laboratory where the logs were split and a modiÞed car vacuum was used to extract the ants. Colonies were housed in 57-liter glass aquaria with wood from the original nests in an insulated room where temperature could be kept close to ambient (10 Ð27 Ϯ 5ЊC from May to early September). Petroleum jelly was used to coat the inner perimeter of the aquaria to prevent ant escape. Moisture was provided with water-Þlled polystyrene bottles plugged with cotton.
Colonies were fed an artiÞcial diet consisting of an agar-based gel modiÞed from Bhatkar and Whitcomb (1970) . Agar (6 g, laboratory grade, Fisher, Chicago, IL) was combined with 250 ml of distilled water and brought to a boil for 5Ð10 min. A mixture of cane sugar (150 g), cottonseed ßour (5 g), salt (3.5 g), and one egg in 250 ml of distilled water was added to the heated agar solution and the completed diet was delivered to 5-ml test tubes. The diet was allowed to solidify and was stored in the freezer (Ϫ10ЊC) until use. The artiÞcial diet produced artifacts in preliminary chemical analysis; therefore, select colonies were provided only water for 24 to 48 h before rectal samples were collected. A diet intended to approximate that found in nature was also used to feed select colonies for comparison of rectal samples in chemical analysis. It consisted of 30 g of cane sugar, 1 g of ground silkworm pupae (protein source), 0.7 g salt, 1.2 g agar, and 100 ml of distilled water.
Chemical Analysis of Glandular Contents. Gland samples were collected from workers by dissecting and separating the rectum, DufourÕs, and poison glands into several drops of methanol for analysis and identiÞcation of volatile material. Samples included four to Þve individual glands (DufourÕs gland, poison gland, and rectum), as well as a combination of all three. Samples from both Þeld-collected foragers and those maintained on the artiÞcial diet were analyzed. Gas chromatographic-mass spectrometric analysis of 2.5 l of each sample was carried out by Tappey H. Jones (Virginia Military Institute) on a Shimadzu QP-5000 equipped with a RTX-5 column (30 m by 0.25 mm i.d.). The oven was programmed from 60 to 250ЊC for 25 min. Compounds were identiÞed by comparison with authentic spectra from the NIH/NIST spectra data base (Hillery 1999) .
Dry Weight and Nitrogen Metabolite Analysis of Ant Rectal Material. C. pennsylvanicus workers were dissected and rectal contents collected with 1-l microcapillary tubes. A precleaned glass slide was tared and 5Ð 6 mg of rectal material were delivered from the capillary tubes onto the slide. After wet weight determination, the slide was placed in a drying oven for 24 h at 70ЊC and reweighed for rectal material dry weight determination.
The hindguts of live C. pennsylvanicus workers were dissected and the contents collected with 1-l microcapillary tubes. The material was either extracted into 10 l of methanol or spotted directly onto high-performance thin layer chromatography (HPTLC)
plates. The presence of nitrogen metabolites was examined using HPTLC analysis (modiÞed from Mullins 1971) . Samples (1 l) were spotted on 10-cm HPTLC cellulose plates (Merck, CAMAG ScientiÞc, Wilmington, NC) along with analytical standards (2 g/l) of tryptophan, tryptophan metabolites, pteridines, and purines. Each sample was replicated two to four times. Silica gel plates (Merck, Rahway, NJ) were also used for tryptophan metabolite separation and detection. Plates were prewashed in methanol and developed once in one of Þve solvent systems: (1) n-butanol: methanol: water: NH 4 OH 60:20:20: 1, (2) isobutyric acid: water 4:1, (3) isopropanol: 2% NH 4 OH 2: 1, (4) isobutyric acid: NH 4 OH: water: 66:1:33, (5) acetonitrile: water 85: 15 (silica gel only). Solvent fronts were allowed to travel 8.5 cm during development. Detection methods included shortwave UV light (254 nm) for ßuorescing or absorbing materials (i.e., tryptophan and tryptophan metabolites) and several spray reagents: (1) ammonical 10% AgNO 3 spray reagent, (2) EhrlichÕs spray, (3) diphenyl carbazone spray reagent or DPC, and (4) ninhydrin spray reagent (Hillery 1999) .
Quantification of Total and Ammonia Nitrogen. A micro-Kjeldahl procedure was used to determine total nitrogen levels (Mullins 1971, Stein and Fell 1994) . Samples of 0.5Ð2.0 mg of fecal material from C. pennsylvanicus workers were analyzed along with (NH 4 ) 2 SO 4 standards ranging in concentration from 5 to 50 g/ml (Hillery 1999) . Standard recovery analysis yielded 98.0 Ϯ 1.9% nitrogen. Spike-over analysis of ant fecal samples with 5 g/ml of (NH 4 ) 2 SO 4 yielded 103 Ϯ 4.1% recovery.
A method of microdiffusion was used to determine ammonia nitrogen levels in the carpenter ant rectal material (Mullins 1971) . Rectal samples were collected from workers and delivered into 250 l of distilled water before being transferred to the outer ring of a Conway diffusion dish. Standards of (NH 4 ) 2 SO 4 (5Ð50 g/ml) were treated in the same way. An equal volume of the oxidizing-digestion mixture used in the micro-Kjeldahl analysis (250 l) was measured into the center ring of the dish. The samples and standards were made basic by adding 750 l of saturated Na 2 CO 3 to the outer ring and all dishes were immediately sealed with 12-cm 2 glass tops greased with petroleum jelly. Dishes were kept ßat on a laboratory bench and swirled periodically for a total diffusion time of 2 h. The entire volume of each center well was removed with a Pasteur pipette and quantitatively transferred to test tubes with 750 l of distilled water (Mullins 1971 , Hillery 1999 . Standard recovery analysis yielded 97.0 Ϯ 1.6% nitrogen.
Aggregation Assay. C. pennsylvanicus workers were frozen, thawed, and the hindgut, DufourÕs, and poison glands were dissected and extracted in methylene chloride (1,000 l, ACS grade). A square foraging arena constructed of Plexiglas and measuring 0.6 m per side and 6.4 cm deep was connected to the nesting chamber (glass aquarium) by a bridge of white plastic pipe. Samples (poison, DufourÕs, and a mixture of rectum, poison and DufourÕs gland extract) equivalent to two glands (200 l) were presented simultaneously to ants on 5.5-cm 2 Þlter paper disks. No attraction was observed when whole rectal sacs (crushed) were presented to workers, therefore samples of rectal material alone were not included in this assay. Disks were placed on 10-cm square glass chromatography plates to prevent contamination of the foraging arena between trials. A Þlter paper disk with methylene chloride served as the control. The number of workers aggregating on or antennating the samples was recorded every 5 min for 30 min. Because C. pennsylvanicus workers exhibit nocturnal foraging patterns during the summer months (Fowler and Roberts 1980, Cannon 1998 ), all bioassays were conducted between 2000 and 2300 hours under red light. Trials were replicated 8 times and each consisted of a control and the three samples mentioned above.
Trail-Following Assay. A second bioassay was designed to test whether workers would follow crude trails extracted from the glandular material found to be the most attractive in the aggregation assay (modiÞed from Hartwick et al. 1977 and Traniello 1977) . In the same foraging arena as described above (Fig. 1) , a Y-shaped choice trail was elevated above the arena ßoor using four inverted screw-cap glass jars (6.5 cm tall). The Þrst jar was placed ßush with the plastic pipe bridge connected to the nest. The other jars were greased with petroleum jelly (sides only) and used to complete the Y formation. Three glass rods (0.5 cm in diameter) were placed on top of the glass jars to connect the points of the Y and held in place with modeling clay. The Þrst rod (base of the Y) measured 19.5 cm and the two branch rods measured 21.4 cm each. Material shown to be the most attractive in the previous assay (a combined sample of rectum, poison, and DufourÕs glands) was deposited on the Þrst rod and one of the branches using disposable 1-ml syringes (200 l equivalent to two glands per sample). The other branch was treated with methylene chloride (200 l) to serve as the control. Food (artiÞcial diet) was placed at the branch terminal. Each trial consisted of 10 workers who were allowed to enter the arena via the plastic pipe bridge and observations were made as to the direction each ant traveled down the Y. Once a worker reached a branch terminal, she was removed to ensure that only naive ants were encountering the extracts deposited and were not responding to the food location. The branch chosen for treatment with the hindgut mixture was randomized and trials were replicated eight times between 2000 and 2300 hours under red light.
Based on negative results from the trail-following tests, the previously described bioassay was modiÞed. Instead of using glass rods on which to lay artiÞcial trails, strips of glass measuring 38.1 cm by 1.27 cm were used for the branches of the Y and the base measured 30.5 cm long. The Þrst glass jar was not placed ßush with the plastic pipe bridge to ensure that the foragers had to travel some distance in the artiÞcial arena before encountering the trail. The gland sample was identical to the Þrst bioassay, but was delivered using a glass rod to one branch of the Y and not the trunk.
Statistical Analyses. One-way analysis of variance was chosen to Þt the means for each group (aggregation response to gland samples). Values of P Յ 0.05 indicated signiÞcance. Further individual pairwise comparisons of the means were computed using Fisher least signiÞcant difference (LSD) (Sall and Lehman 1996) (␣ ϭ 0.05). In addition to the Student t-test, a normal linear regression was performed on the response of workers to crude gland samples over the Þrst 10 min (maximum response) of the 30-min test interval.
Results
Gland Analysis. Two hydrocarbons, n-undecane and n-tridecane, were identiÞed in material from DufourÕs gland of laboratory colony workers. Two unidentiÞed 18 carbon fatty acids and esters were also detected in the poison and DufourÕs gland. The poison gland has been described in the literature as the source of formic acid, composing 50% of the contents (Hermann and Blum 1968) . In this study, an additional compound, palmitic acid, was identiÞed. Only one compound (3,4-dihydro-3,5-dihydroxy-6-methyl-pyran-4-one), previously identiÞed in Camponotus atriceps Smith, was found. It was detected in four of the eight samples of rectal material analyzed from both laboratory and natural foragers of C. pennsylvanicus.
Nitrogen Levels, Metabolite Isolation and Dry Weight Analysis. Total nitrogen levels averaged 19.2 Ϯ 2 g/mg, and ammonia nitrogen levels averaged 2.7 Ϯ 1.2 g/mg of ant feces. Dry weight analysis showed the rectal material to be 14% solid material. Nitrogen composed 14% of the solid material of which 14% was ammonia nitrogen. Two tryptophan metabolites (kynurenic and xanthurenic acid), and one pteridine (biopterin), were detected in rectal material from both natural foragers of C. pennsylvanicus and workers maintained on artiÞcial diet. Four ninhydrin positive spots, which could be amino acids, were detected when several samples were spotted on silica gel plates along with rectal samples and standards of tryptophan. The presence of biopterin and the two acids mentioned previously was veriÞed using multiple solvent systems in addition to visualization with spray reagents or UV light (Table 1) .
Response to Gland Extracts. SigniÞcant differences were observed among the numbers of workers responding to the gland samples. The entire hindgut apparatus showed the greatest level of aggregation (␣ ϭ 0.05) compared with the other extracts or control (Table 2) . Sixty-two and a half percent of the workers tested in the Y-shaped bioassay followed the hindgut extract, but the response was not signiÞcantly different (␣ Ն 0.05) from the control (37.5%). The modiÞed trail following bioassay obtained similar results in that only 54% of the workers followed the hindgut extract, indicating no signiÞcant difference from the control (46%, ␣ Ն 0.05). Means followed by the same letter are not signiÞcantly different, ␣ ϭ 0.05, using Fisher LSD (Student t-test) (Sokal and Rohlf 1995) .
a Each sample was equivalent to two glands (200 l) on 5.5-cm 2 Þlter paper disks with the control consisting only of methylene chloride. b Each trial consisted of all four samples presented simultaneously to workers.
Discussion
The compound identiÞed from the rectal material of both natural and laboratory maintained colonies (3,4-dihydro-3,5-dihydroxy-6-methyl-pyran-4-one) is only a minor component of the trial pheromone of C. atriceps. The major component of this species, 3,5-dimethyl-6-(1Ј-methylpropyl)-tetrahydropyran-2-one) was not found in C. pennsylvanicus. Compounds identiÞed as the trail pheromone in C. herculeanus L. (2,4-dimethyl-5-hexanolide), C. silvicola Forel (3,4-dihydroisocoumarins), C. rufipes Fabricius (3,4-dihydroisocoumarins), and C. floridanus Buckley (nerolic acid) were also not found in C. pennsylvanicus (Bestmann et al. 1995 , Ubler at al. 1995 , Haak et al. 1996 . Future research should involve synthesis of 3,4-dihydro-3,5-dihydroxy-6-methyl-pyran-4-one to examine whether this compound is indeed a component of the trail pheromone in C. pennsylvanicus.
In agreement with previous Þndings from Ayre and Blum (1971) , n-undecane was found to be a major component, while tridecane was present in trace amounts. Ayre and Blum (1971) found n-undecane to constitute Ͼ90% of the volatiles isolated, while ntridecane was only a minor component. Future research should include palmitic acid and formic acid in artiÞcial trail extracts to determine if these compounds inßuence trail pheromone activity. Preliminary studies involving samples on Þlter paper disks and artiÞcial trails to determine attractancy did not result in signiÞcant behavioral effects of palmitic acid to the carpenter ant workers.
The nitrogen levels measured in the rectal material were slightly lower than levels cited in the literature for the American cockroach (Mullins and Cochran 1973) . The C. pennsylvanicus workers had 19.2 Ϯ 2 g/mg of total nitrogen, and 2.7 Ϯ 1.2 g/mg ammonia nitrogen compared with 20 to 40 g/mg total nitrogen and two to 10 g/mg ammonia nitrogen in the cockroach, respectively. It is noteworthy that this is the Þrst report on nitrogen content and identiÞcation of nitrogen metabolites in carpenter ant rectum. As a group, insects have been classiÞed as uricolytic, with uric acid being the most common nitrogenous excretory product. However, when examining at the species level, uric acid can be absent or present in trace amounts (Cochran 1985) . Two metabolites of uric acid, allantoin, and allantoic acid have been found in three species of sawßy. The lack of reports on excretory material in the Hymenoptera indicates that more focus is needed on this order (Bursell 1967 ). Although we only examined the contents of the rectum, the Malphigian tubules need to be analyzed as well because both organ systems function in excretion. Uric acid was not detected in carpenter ant rectum, but there could be a barrier to excretion. The American cockroach, for example, stores uric acid in the fat body, and a similar mechanism may exist for carpenter ants. Carpenter ants also possess gut microbes, which may function in the production of additional end products or the recycling of nitrogen (Cochran 1985) .
Tryptophan is an amino acid that functions in formation of ommochrome pigments that are found in the eyes, cuticle, gonads, and Malphigian tubules. Excess amounts in insect hemolymph can be toxic, so in addition to incorporation into proteins, levels can be managed by excretion of intermediates or derivatives (kynurenic and xanthurenic acid). Amino acids have been found to serve as dispersing agents for the poison gland in C. pennsylvanicus (Hermann and Blum 1968) , so similar excretory products could contribute to the deposition of an odor trail. Pteridines, like biopterin found in this study, also function in pigmentation, and their presence in the rectum may again be the result of excess amounts being voided from the hemolymph. The presence of biopterin has been recorded in both Malphigian tubule Þltrate and rectal material (Cochran 1985) . Pterines have been isolated mainly from the muscle, integument, and gut of Formica rufa L., F. polyctena Foerster, and F. cordieri Bondroit (Schmidt and Viscontini 1964) .
Attraction to extracts from a combination of rectal and accessory gland contents in this study reinforces the idea that pheromone signals result from a mixture of compounds rather than a single component (Blum 1974) . However, unlike studies performed by Traniello (1977) or Hartwick et al. (1977) , trail following was not observed as a response to hindgut extracts. Carpenter ants use structural and visual guidelines in addition to chemical cues during foraging. If contact with a odor trail is lost or interrupted, then an alternate signal, such as light, can allow workers to follow a trail to completion (Klotz and Reid 1991) . Light was not a factor in this study because bioassays were performed at night under red light, but structural guidelines were present. The experimental design did not allow for much distance between the laboratory nest and the foraging arena, and the workers could have easily used the plastic bridge as a guide to food rather than relying on chemical signals.
So few studies on trail-following behavior of C. pennsylvanicus have been conducted that doubt still exists on the degree to which these ants even rely on a trail pheromone to recruit foragers to a food source. During the course of this study, workers were often observed wandering the artiÞcial foraging arena in a highly random fashion despite the presence of food. Workers were never observed laying their own trail on the Y-shaped design even though they were permitted to feed and return to the nest on several occasions. During orientation studies by Klotz and Reid (1991) , C. pennsylvanicus workers were given a 2-wk training period before observations on foraging were recorded. A longer period of acclimation may have beneÞted our study because responses in a laboratory setting are more subjective.
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